there remains a worldwide drive to reduce the cost per Watt of photovoltaic (PV) energy [1] . There are three primary methods of achieving this: (i) increase the service lifetime of the PV cell or module; (ii) increase the efficiency of the PV cell or module; or (iii) decrease the total cell or module cost [2] . ) [3] . These backsheets are selected for a combination of aesthetics, protection from the environment and reflectivity. PV modules have a desired service lifetime of 20-30 years, however, in high-UV localities this may be substantially reduced due to polymeric damage [4] . During their service lifetimes, c-Si PV module performance degrades by 0.6 -2.5% per year depending on service conditions and manufacturer [4, 5] . A major cause of failure within the expected service lifetime of PV modules is delamination caused by UV-induced degradation of the encapsulant layers and polymeric backsheets [3, 6] , allowing water to ingress and corrode the materials within [7] . Even before delamination occurs, the EVA layer can become discoloured, reducing light transmission and contributing to reduced module efficiency [8] . [10] . Reduction of the concentration of Fe in glass is therefore a requirement to facilitate more effective photovoltaic panels, and this approach has been employed industrially. UV control for the protection of the polymeric materials can be achieved through d 0 transition metal ions doped into the glass front sheet.
Absorption of high-energy UV photons can give two effects; (i) the energy converting to phonons (heat), (ii) fluorescence / downconversion to visible photons. To generate electrical current in a solar cell semiconductor an electron-hole pair must be generated by the absorption of photons equal or slightly greater in energy than the bandgap, in the case of silicon 1.11 eV. However, if the energy of the incoming photon is much greater than the bandgap energy, the excess energy is lost as heat which reduces solar cell efficiency [11] . Photons with energy lower than the bandgap energy cannot induce an electron hole pair. Since a single-junction silicon solar cell has a theoretical maximum limit of 30%, known as the Shockley-Quiesser limit [12] , modification of the solar spectrum through downconversion, upconversion or fluorescence may be employed as a means of increasing the flux of photons with energies at or just above the bandgap 4 energy [13] [14] [15] . There are two related, but distinct, methods of converting higher energy UV photons to lower energy visible photons: photoluminescence and downconversion.
Photoluminescence is characterised by a non-radiative step after excitation, leading to one photon of lower energy being emitted. Downconversion may have a quantum efficiency of greater than 1 as after excitation there is a stepwise radiative relaxation, resulting in two or more photons of lower energy being emitted. The two processes are schematically illustrated in Figure 2 .
Figure 2. Schematic of photoluminescence and downconversion, CB = Conduction band, IB = Intermediate band, VB = Valance band
Some of the recent research in spectral modification for photovoltaics has been focussed on glasses doped with lanthanide elements [16] [17] [18] [19] Uncertainties in measured densities are estimated to be ± 0.005 g cm -3 . Table 1 presents the nominal compositions of all studied glasses. The XRF analysis results for the base (undoped) glass are also presented; as are the measured densities for all glasses. As expected, densities of all doped glasses are slightly greater than the density of the base glass, reflecting the effects of the heavier added constituents on glass densities [33] [34] [35] .
XRD patterns for three of the studied samples, representative of all of the studied glasses, are shown in Figure 3 . All patterns are consistent with glasses, with no sharp diffraction peaks and a broad amorphous hump centred at ca. 25 o 2θ. The doped systems were analysed through XRD to confirm no diffraction peaks were present (not presented). All diffraction patterns of the doped systems were the indishtinguable from that of the base glass, and confirm the X-ray amorphous nature of all samples.
Raman spectra of doped and undoped float glass samples are shown in This is consistent with the low doping levels and the XRD analyses in Figure 3 . , shown in the inset of Figure 5 . al. [43] and extended with data from Fix et al. [44] , giving the absorbance of EVA glue.
This value changes depending on the composition and age of the glue [45] , with older, more irradiated glue having an absorption shifted towards the visible. The AM1.5 solar spectrum shows that high energy photons (>25,000cm 19,000cm -1 and 25,000cm -1 (400nm to 525nm). The colour photograph in Figure 10 shows the variation in colour and emission intensity upon UV excitation. ZrO 2 and MoO 3 doped glasses weakly emit at these excitation wavelengths [20] . Figure 9 shows the maximum intensity of emission at various excitation wavelengths, all dopants have stronger emission at higher wavenumber excitation. Figure 11 , with the addition of 5.00mol% Al 2 O 3 into the glass increasing emission intensity by a factor of 2. The effect is also present in Nb 2 O 5 doped glasses with a modified matrix, the addition of 1.00mol% ZnO increases emission intensity by a factor of 2.5, as shown in Figure 12 . the amorphous "hump" typical of oxide glasses [46] . Whilst transition metal dopants can induce crystallisation in glass melts, the low doping concentrations in this study are below the thresholds observed in other studies [47, 48] . . This is attributed to Nb-O symmetric vibrations in NbO 6 octahedra [58] : due to the high Raman cross section of niobium octahedra the peaks are detectable at low (>0.10mol%) concentrations in SLS glasses [36, 37] .
Molybdate tetrahedra also present strong Raman cross sections, thus giving rise to a stronger signal relative to the corresponding network [59] . The peak at 925 cm -1 in Figure 4 However, these were not obsevered through a subtraction of the base glass spectrum from the doped glass' spectra. The high polarisability of the transition metals confer a higher Raman cross section relative to the silicate network, however, the low doping concentrations used may result in low intensity peaks which are not readily detected.
EPR detects unpaired electrons, hence the resonances at g=4.3 (1.6T) and g=2.0 (3.4T) shown in Figure 5 correspond to Fe 3+ which occurs as an impurity in the raw materials used to produce all sample glasses. Both resonances have been widely observed, even in spectra for highly dilute glasses [40] . Fe 2+ cannot be directly measured though room temperature X-band EPR due to its short spin-lattice relaxation time and lack of unpaired electrons [40] . The resonance at g=4.3 (1.6T) corresponds to Fe 3+ in an isolated environment [41, 63] . The resonance at g=2.0 (3.4T) is due to exchange-coupled Fe 3+ ions [63] [64] [65] . It occurs even at impurity concentrations, but has also been attributed to octahedral Fe 3+ [40, 66] [20, 23, 24] . However, the EPR spectrum for the MoO 3 doped glass ( Figure 5 ) shows an additional weak resonance at g=1.92 (3.7T) which corresponds to Mo 5+ [23] . This reduced form of Mo (d T 2 absorption band centred at 28,500 cm -1 (350nm) and 22,700 cm -1 (440nm) [23, 67, 68] .This may partly explain the shifted UV edge in the optical absorption spectra shown in Figure 6 . However, given the weakness of the Mo /Fe redox ratios in the glasses studied
were not greatly dissimilar to those obtained in many commercial float glasses, although it is likely they were more oxidised than float glasses. It was not possible to quantitatively measure the iron content from the EPR spectra as the measurements were made to qualitatively determine the valance of the dopants. The weakness of the Fe 3+ resonances are qualitatively consistent with Fe 3+ contents in the ppm range [69] .
The Fe 2 O 3 content was below the limit of detection for the program used for XRF (ca.
200ppm). For some of the dopants studied here (Ti, Mo), redox potentials developed by Schreiber et al [70, 71] indicate that, under all but very strongly reducing conditions, these dopants will occur in soda-lime-silica glasses as Ti 4+ and as, predominantly, Mo 6+ .
No comparable glass redox potential data was identified for the other dopants studied here, however, based on aqueous redox potentials it can reasonably be assumed that these dopants will occur in soda-lime-silica glasses prepared under oxidising melting conditions, predominantly as Nb , Ta 5+ and W 6+ ) [20] , and we find a corresponding result for the glasses studied
here. It has been demonstrated the local structure of MoO 3 has a strong influence on the absorption which can shift the absorption edge towards ca. 24,000 cm -1 (415nm) [72] . However, as shown by our EPR results and the corresponding optical absorption spectra, in the Mo-doped sample studied here, the molybdenum has been partially reduced to Mo 5+ which could contribute to the shifted absorption. In Figure 7 , [10] .
Doping silicate glasses with 0.20mol% of d 0 ion oxide provides the solar protection, shown in Figure 6 , without the deleterious bands shown in Figure 7 .
EVA glues absorb strongly above 26,666cm -1 (below 375nm) [43] with photons of higher energy inducing greater damage. An NREL study on the yellowing index of EVA glues in silicon based PV panels covered with a standard SLS glass with a UV edge of 295nm was 81.9. PV modules prepared in the same manner with SLS glasses doped with cerium oxide to control the UV edge to 325nm and 330nm had yellowing indexes of 23.8 and 17.8 respectively after 35 weeks of accelerated aging [45] . The glasses in the NREL study were doped with cerium oxide: we postulate that the d 0 doped glasses studied here may also be suitable to achieve similar UV protection. As shown in Figure   6 , glasses with UV absorption closer to that of the EVA absorption line do not act as 100% effective bandpass filters. Shifting the absorption of the glasses to overlap the EVA absorption would induce a deleterious effect on the module efficiency by absorbing visible photons. An effective balance of the beneficial UV absorption against the negative visible absorption in the glass superstrate requires further study.
As shown in Figure 8 it, as shown in Figure 13 .
In Figure 9 the variation of emission intensity as a function of excitation wavelength is Due, at least in part, to the effectively higher doping concentration, the emission intensity is proportionately higher. The glasses were modified to either contain 5.0 mol% Al 2 O 3 (replacing SiO 2 ), or 1.0 mol% ZnO (replacing MgO). Shown in Figure 11 , the Al 2 O 3 codoped TiO 2 sample exhibits enhanced fluorescence emission without changing λ max due to the matrix having lower total phonon energy [74] , resulting in fewer nonradiative losses, and thus a higher fluorescence emission. ZnO codoped glasses induce to a shoulder peak developing around 23,000cm -1 (434nm). This is due to the fluorescence emission of Zn
2+
, it is understood the luminescence is due to interstitial closely align with that of the particular solar cell is also required.
